Rubidium, element number 37, is an alkalimetal found in small quantities in the earth's crust, and in trace amounts in human tissues (1). Listed immediately below potassium in the Group I elements of the periodic table, rubidium possesses many of potassium's physical, chemical, and physiological properties. These two elements have qualitatively similar effects on the contraction of the isolated heart (2), on the depolarization of nerve or muscle preparations (3, 4) , and on the activity of certain intracellular enzyme systems (5, 6). The distribution of rubidium in human tissues resembles that of potassium (1, 7), and rubidium has been shown to be concentrated in certain plant cells (8) and in animal tissues (9, 10) with great rapidity. It has also been reported that addition of rubidium to a potassium-free diet will prevent the development in rats of most of the histological changes agsociated with potassium depletion (1).
Rubidium, element number 37, is an alkalimetal found in small quantities in the earth's crust, and in trace amounts in human tissues (1) . Listed immediately below potassium in the Group I elements of the periodic table, rubidium possesses many of potassium's physical, chemical, and physiological properties. These two elements have qualitatively similar effects on the contraction of the isolated heart (2), on the depolarization of nerve or muscle preparations (3, 4) , and on the activity of certain intracellular enzyme systems (5, 6) . The distribution of rubidium in human tissues resembles that of potassium (1, 7) , and rubidium has been shown to be concentrated in certain plant cells (8) and in animal tissues (9, 10 ) with great rapidity. It has also been reported that addition of rubidium to a potassium-free diet will prevent the development in rats of most of the histological changes agsociated with potassium depletion (1) .
The central purpose of the present work was to compare the effects of rubidium aidd potassium ions on acid-base balance in normal and in potassium-depleted rats. When given an alkaline-ash, potassium-deficient diet, rats develop an alkalosis (12) , which can be rapidly corrected by administration of potassium chloride (13) . The present data indicate that rubidium has an acidifying effect on extracellular fluid at least equal to, and under some circumstances clearly greater than, that of potassium.
METHODS AND MATERIALS
Male albino rats of the Sprague-Dawley strain were used in all experiments. Four types of experiments were carried out. In the first, the chloride salts of sodium, I This study was supported in part by grants from the National Institute of Arthritis and Metabolic Diseases and the National Heart Institute of the National Institutes of Health, U. S. Public Health Service. potassium, and rubidium were administered intraperitoneally in equivalent amounts for a period of six days to normal growing rats on a Purina Lab Chow diet.
In the second experiment, weanlings were made alkalotic and potassium-deficient by the administration of an alkaline-ash, potassium-free diet, and then treated over a six-day period with equivalent amounts of sodium chloride, rubidium chloride, and potassium chloride. In a third experiment, a large quantity of rubidium chloride or potassium chloride was given in a period of one day to potassium-deficient alkalotic rats. In the final experiment, potassium-deficient alkalotic rats were nephrectomized and then injected with sodium chloride, rubidium chloride or potassium chloride. Animals were kept in separate cages. Food and water were allowed ad libitum. All injections were made intraperitoneally. Blood specimens were taken directly from the abdominal aorta in oiled heparinized syringes after the animal had been lightly anesthetized with Sodium Amytal' (20 mg. per 100 gm.). The pH of whole blood was determined anaerobically at room temperature in a research model Cambridge pH meter and corrected to 370 C. (.01 pH unit per degree). It should be noted that blood pH in rats is subject to relatively large fluctuations due to acute changes in respiratory activity immediately prior to and during exsanguination. For this reason, pH data are less reliable indices of acid-base disturbances in the rat than are determinations of total CO, content (13) . Total At the end of sixteen days, some of the potassiumdeficient rats were sacrificed (Group 2) and the rest of them were divided into four groups. All these latter animals were continued on the potassium-free diet, but they were given only distilled water to drink, thus removing all dietary bicarbonate, sodium, and chloride, and thereby converting the net intake to acid-ash. One group (Group 3) was given no other therapy. Another group (Group 4) was injected intraperitoneally with sodium chloride solution, another with potassium chloride (Group 5), and the last with rubidium chloride (Group 6), all in a dosage of 5 mEq. per kgm. per day for six consecutive days, using a 200 mEq. per L. solution. All of these animals, as well as the control group (Group 1) taking a complete diet, were sacrificed on the 23rd day, approximately 24 hours after Groups 4, 5, and 6 had received their last injection.
Experiment III (Table III) : A group of 80 to 90 gi. rats was made alkalotic and potassium-deficient by 18 days of feeding with the potassium-free, alkaline-ash diet used by Cotlove, Holliday, Schwartz, and Wallace (14) , and some (Group 1) were sacrificed at the end of this time. The remaining animals were then divided into two groups, one of which received intraperitoneal injections of potassium chloride solution (Group 2) and the other, rubidium chloride solution (Group 3). A total of 18 mEq. per kgm. was given in four equal doses during the 19th day, at a concentration of 100 mEq. per L All animals in Groups 2 and 3 were sacrificed on the 20th day, approximately 18 hours after the last injection.
Experiment IV (Table IV) : One hundred and fifty gn. rats were fed the diet used in Experiment II, with sodium chloride and sodium bicarbonate added to their drinling water, as before. A control group (Group 1), to whose diet potassium bicarbonate, 87 mm. per kgm. had been added, and a group of potassium-deficient animals (Group 2) were killed on the 15th day. The remainder of the potassium-deficient rats were nephrectomized on the 15th day under light Sodium Amytalg anesthesia (20 mg. per 100 gin), and then divided into four groups. To determine the extent of uptake of the administered rubidium and potassium, the fluid remaining in the peritoneal cavity (usually 1 to 4 cc.) was analyzed for so- Table I . It is seen that injections of sodium chloride and potassium chloride had no significant effect on blood pH or plasma content of carbon dioxide or potassium. The group treated with rubidium chloride showed a small reduction in plasma CO2 content which was statistically significant 4 when referred to any of the other groups, including the The chemical data are summarized in Table II . Sixteen days of a potassium-free diet, with alkali in the drinking water, resulted in a severe metabolic alkalosis with hypokalemia (Group 2). Mean CO2 content in this group was 36A mM per L., approximately 10 mM per L. higher than the controls. Removal of alkali from the drinking water and continuation of the now acid-ash, potassium-free intake for another six days (Group 3) produced a significant reduction in CO2 content to 28.9 mM per L., but the mean potassium concentration was not significantly different from the sixteen-day alkalotic group.
Treatment for six days with a total of 30 mEq. per kgm. of sodium chloride, combined with removal of sodium chloride and sodium bicarbonate from the drinking water (Group 4), had no more effect on mean CO2 content than the single maneuver of substituting distilled water for the alkaline drinlking water. Removal of alkali from the water, combined with treatment with potassium chloride (Group 5), resulted in a mean CO2 content of 26.9 mM per L., which was not significantly different from the normal controls (Group 1) or from either Group 3 or Group 4. Plasma potassium was restored to almost normal levels.
The group of rats treated with rubidium chloride injections and removal of sodium chloride and sodium bicarbonate from their drinking water (Group 6) showed the largest reduction in mean CO2 content (19.5 mM per L. + 4.23). This value was significantly lower than that found in any of the other groups, including even the normal controls.
The "p" values for the differences among the mean CO2 contents of the various groups are listed in Table II-A. The data on mean pH value showed relatively smaller changes than were observed in total CO2 content, but in general, the changes were in the same direction.
The general appearance of the animals in the potassium and rubidium groups was the same. These rats began to gain weight and behaved more normally than those in Groups 3 and 4, which continued to lose weight.
Experiment III: Acute administration of potassium chloride and rubidium chloride to alkalotic potassium-deficient rats Table III presents the results of the experiment, in which 18 mEq. per kgm. of potassium chloride or rubidium chloride was administered to alkalotic potassium-deficient rats over a 24-hour period. This treatment produed an approximately equal fall in CO2 content in both groups. The differences between the untreated group and each of the treatment groups was significant at the 3 per cent level. Blood pH was reduced significantly and almost equally in both groups.
Experiment IV: Acute administration of sodium chloride, potassium chloride, and rubidium chloride to nephrectomized potassium-deficient alkalotic rats Table IV summarizes the data from the nephrectomy experiment. Fourteen days on a potassium-deficient, alkaline-ash diet (Group 2) produced the expected rise in CO2 content (37.6 mM per L.), and fall in potassium (1.75 mEq. per L.) and chloride (90.2 mEq. per L.) concentration. Four hours after bilateral nephrectomy (Group 3) there was a significant drop in CO2 content to 31.5 mM per L., but no significant change in chloride, sodium or potassium; bicarbonate had therefore been replaced by the anions of unmeasured endogenous acids.
Nephrectomy plus intraperitoneal administration of sodium chloride and bicarbonate (Group 4) effected a slight but not significant drop in CO2 content to 29.5 mM per L., and a larger and significant rise in plasma chloride to 96.7 mEq. per L. Sodium and potassium concentrations were essentially unchanged.
Treatment of nephrectomized animals with equivalent amounts of potassium chloride and bicarbonate (Group 5) resulted in a further drop in C02 content to 27.1 mM per L., which was now significantly lower than the C02 content of the Group 3 animals and essentially equal to the C02 in the normal animals. Chloride was slightly, though not significantly, higher than in the sodium-treated group, but sodium concentration was unchanged. As expected, plasma potassium was significantly higher than in any of the other potassium-deficient groups, but it was still below the normal level.
Administration of rubidium chloride and bicarbonate to nephrectomized rats (Group 6) produced the largest fall in C02 content (25.7 mM per L.), and the greatest rise in chloride concentration (104.5 mEq. per L.). These mean values, which were essentially equivalent to the normal (Group 1), differed significantly from the comparable data in both the untreated nephrectomized rats (Group 3) and the rats treated with sodium chloride (Group 4), but they were not significantly different from the means in the potassium group.
Table IV-A summarizes the "p" values for the differences among mean CO2 contents in this experiment.
For the most part changes in pH tended to follow those in carbon dioxide, but they were usually small and not significant. Occasionally, pH and CO2 appeared to deviate (Table I, group 4, Table  IV , group 4).
DISCUSSION
In acute studies rubidium appears to be as effective as potassium in its ability to correct the alkalosis of potassium-deficiency, but the results of more chronic administration of rubidium indicate that this cation is more than merely a physiological substitute for potassium in its influence on acid-base metabolism. Prolonged administration of rubidium chloride to normal or potassium-deficient alkalotic animals produces a distinct extracellular acidosis, with bicarbonate values significantly below those of normal controls or those of animals given equivalent amounts of sodium or potassium chloride.
In potassium-deficient alkalotic animals, cellular accumulation of administered potassium is associated with displacement of intracellular hydrogen ions and subsequent reduction in extracellular bicarbonate concentration (13, 15) . Since there is evidence that animal tissues can also accumulate large quantities of administered rubidium ions (9, 16) , it is reasonable to assume that the acidifying effects of rubidium in the present experiments were accomplished, at least in part, by a similar displacement of cellular hydrogen.
In the nephrectomy experiment exchange of rubidium for hydrogen was probably the major factor in the fall in bicarbonate concentration. Other possible explanations seem unlikely. Cellular uptake of administered cation with bicarbonate (15) could not account for more than a small moiety of the rubidium estimated to have penetrated cells. Cellular extrusion of molecular acids seems unlikely because the plasma concentration of unmeasured anions (estimated by the difference between sodium and the sum of CO2 and chloride) was reduced rather than increased. Dilution of extracellular fluid by the volume of administered rubidium chloride solution would account for a fall of only 1 to 2 mM per L. in plasma CO2 content, which was the change observed in the group treated with sodium chloride.
In the chronic experiments, extrusion of intracellular hydrogen was probably also the primary mechanism for reduction of extracellular bicarbonate, but the fall in bicarbonate to sub-normal levels in the rubidium animals requires further explanation. Compared to potassium, rubidium may be more slowly excreted from the body and hence penetrate cells to a greater extent; it may be preferentially taken up by muscle cells, or in some manner it may displace more intracellular hydrogen and less intracellular sodium than does an equivalent amount of potassium. On the other hand, the acidifying action of rubidium in the chronic experiments, particularly with the normal animals, may partly be ascribable to an effect of the cation on renal tubular transport of bicarbonate. There is evidence (17) that an excess of potassium ions reduces bicarbonate reabsorption and tends thereby to lower plasma bicarbonate. Conceivably rubidium might act in a similar, though more effective, manner. Evaluation of such speculations would require urine or tissue analyses or balance studies, all of which were beyond the scope of the present studies.
The present experiments not only suggest that replacement of intracellular cation by rubidium is as effective as replacement by potassium in the abolition of extracellular alkalosis, but they also demonstrate that the latter state may be ameliorated merely by the addition of acid, without restoration of normal cellular cation composition. It is a common clinical aphorism that allcalosis associated with potassium deficiency is "resistant" to any therapy other than replacement of the intracellular cation. However, in Experiment II (Group 3, Table II) , it was possible to lower plasma bicarbonate to a value not significantly higher than the normal controls (Group 1) or the potassium-treated group (Group 5) simply by removing alkali from the drinking water and allowing the animals to continue ingestion of an acid-ash diet for six days. These animals received no potassium at any time during the experiment, and their final mean plasma potassium concentration was identical with that of the untreated potassium-deficient alkalotic group (Group 2).
The effects of acid also explain why, in Experiments II and IV, potassium does not appear to be much more effective than sodium in the correction of potassium-deficiency alkalosis. In these experiments an acid-ash intake (Experiment II) or the accumulation of endogenous acids after nephrectomy (Experiment IV) had reduced blood CO2 content in the sodium treated animals so nearly to normal that treatment with potassium could not be expected to have more than a slight additional effect.
SUMMARY AND CONCLUSIONS 1. Acute administration of rubidium chloride to potassium-deficient alkalotic rats is as effective in reducing extracellular bicarbonate concentration as the administration of equivalent amounts of potassium chloride. The data suggest that rubidium, like potassium, exerts its acidifying effect by exchanging for intracellular hydrogen.
2. Administration of rubidium chloride for six days to normal or potassium-deficient alkalotic rats produces a metabolic acidosis, while equivalent amounts of potassium do not lower bicarbonate concentrations below normal levels. Possible mechanisms by which rubidium produces metabolic acidosis are discussed.
3. Alkalosis associated with potassium depletion can be corrected without administration of intracellular cation simply by increasing the ratio of acid to alkali in the diet.
